Arachnida is an ancient, diverse, and ecologically important animal group that contains a number 32 of species of interest for medical, agricultural, and engineering applications. Despite this applied 33 importance, many aspects of the arachnid tree of life remain unresolved, hindering comparative 34 approaches to arachnid biology. Biologists have made considerable efforts to resolve the 35 arachnid phylogeny; yet, limited and challenging morphological characters, as well as a dearth of 36 genetic resources, have confounded these attempts. Here, we present a genomic toolkit for 37 arachnids featuring hundreds of conserved DNA regions (ultraconserved elements or UCEs) that 38 allow targeted sequencing of any species in the arachnid tree of life. We used recently developed 39 capture probes designed from conserved genomic regions of available arachnid genomes to 40 enrich a sample of loci from 32 diverse arachnids. Sequence capture returned an average of 487 41 UCE loci for all species, with a range from 170 to 722. Phylogenetic analysis of these UCEs 42 produced a highly resolved arachnid tree with relationships largely consistent with recent 43 transcriptome-based phylogenies. We also tested the phylogenetic informativeness of UCE 44 probes within the spider, scorpion, and harvestman orders, demonstrating the utility of these 45 markers at shallower taxonomic scales, even down to the level of species differences. This probe 46 set will open the door to phylogenomic and population genomic studies across the arachnid tree 47 of life, enabling systematics, species delimitation, species discovery, and conservation of these 48 diverse arthropods. 49 50
Introduction 52
Arachnida is an extremely ancient and diverse arthropod lineage, including conspicuous 53 taxa such as spiders, scorpions, mites, and ticks. The oldest known arachnid fossils consist 54 mostly of scorpions and extinct trigonotarbids from the Silurian period, 443-416 million years 55 ago (MYA; Laurie 1899; Jeram et al. 1990; Dunlop, 1996; Dunlop et al. 2008 ). More than 56 110,000 species of arachnids have been described, with spiders and mites ranking among the 57 most diverse of all animal orders (Harvey 2002; Zhang 2011 ). Yet, more than half of arachnid 58 species diversity remains to be discovered (Chapman 2009 ). Arachnida also contains a number 59 of medically important venomous or disease-vector species and many important agricultural mite 60 pests, while spiders are of particular interest to biologists and engineers for the strong and elastic 61 silk fibers they produce. Despite the attention arachnids have received for their ecological 62 importance and practical utility to humans, phylogenetic relationships among and within many 63 arachnid orders remain uncertain. At the root of this problem is that morphological characters are 64 limited and difficult to interpret (Shultz 2007) , and genomic resources for many species in this 65 group are sparse. Adding to the difficulty is the uncertainty in the rooting of the arachnid tree, 66 with fossil, morphological, and molecular data recovering drastic discrepancies in early arachnid 67 relationships and placing traditional non-arachnid chelicerates within Arachnida (Wheeler and helping to uncover the numerous arachnid species that await discovery. 71
Ultraconserved elements (UCEs) provide one potential target for a universal set of 72 genomic markers for arachnids and would allow researchers to collect genomic information from 73 diverse taxa across the arachnid tree of life. UCEs are segments of DNA that are highly 74 conserved across divergent taxa (Bejerano et al. 2004 ) and are thought regulate and/or enhance 75 gene expression (Alexander et al. 2010) . UCEs can also be used as anchors to target and retrieve 76 variable DNA sequence flanking the core UCE regions, and the flanking DNA shows a trend of 77 increasing genetic variability as distance from the core UCE increases (Faircloth et al. 2012) . 78
UCEs are ideal markers for molecular systematics for several reasons. Whereas transcriptomes 79
require high-quality RNA as input, the UCE protocol only requires DNA, and enrichments can 80 be performed using relatively low starting DNA concentrations. This allows the method to be 81 extended to small-bodied taxa, large collections of specimens preserved for Sanger-based DNA 82 research, and even to "standard" museum specimens with varying levels of DNA degradation 83 (McCormack et al. 2015) . Homology between UCE loci across divergent taxa is also easy to 84 assess because the core UCE region often displays >95% sequence similarity, and UCE cores are 85 rarely duplicated or paralogs (Derti et al. 2006 (SDSU_TAC). In the case of small arachnids (e.g., mites and ticks), whole specimens were used 115 in extractions, but vouchers from the same locality are deposited in SDSU_TAC. 116
Genomic DNA was extracted from legs or whole specimens using the DNeasy Blood and 117 Tissue Kit (Qiagen, Valencia, CA) following the manufacturer's protocol. DNA concentrations 118 were determined with a Qubit fluorometer (Life Technologies, Inc.) and run out on a 1% agarose 119 gel to assess quality. The lowest starting DNA quantity for processing was 108 ng (Siro 120 acaroides, a small-bodied harvestmen typically <2mm in length), while most samples started 121 with approximately 500 ng (Table 1) . Samples with high molecular weight DNA were 122 fragmented with a QSonica Q800R sonicator for 10-12 cycles of 20 sec on/20 sec off, resulting 123 in fragments predominantly in the range of 300-1000 bp. DNA from sample AR014 (Neomolgus 124 littoralis) was partially degraded and not sonicated. Amplification conditions were 98°C for 45 sec, followed by 18 cycles of 98°C for 15 sec, 60°C 148 for 30 sec, and 72°C for 60 sec, and then a final extension of 72°C for five minutes. Following 149 PCR recovery, libraries were quantified using a Qubit fluorometer and diluted to 5 ng/µL. We 150 performed qPCR quantification of enriched library pools, and we prepared a 10 uM mix of each 151 pool at equimolar ratios. We sequenced the library pool using a partial run of paired-end 150 bp 152 sequencing on an Illumina NextSeq (Georgia Genomics Facility). 153
Read Processing, Contig Assembly, and Matrix Creation 154
Raw read data were processed using the PHYLUCE pipeline ( of UCE loci recovered. Because the purpose of our study was not to reconstruct arachnid 167 phylogeny, we did not include all arachnid orders. Second, we assembled a "UCEsample" 168 dataset that included only samples newly sequenced for this study. Third, three individual 169 datasets were created that included all samples from within the orders Araneae, Opiliones, and 170
Scorpiones. For each of these individual-order datasets, two matrices were created, one including 171 the amblypygid Damon as the outgroup, and a second without an outgroup. Data matrices 172 without outgroups were used for determining matrix statistics, with the number of parsimony 173 informative characters computed using PAUP* 4.0 (Sinauer Associates, Inc. total length of 583,454, average locus length 997.4) but lowest number of variable sites (7,660 -212 1.3%). The proportion of variable loci for all comparisons were above 0.9, with average number 213 of variable sites per locus ranging from 14-87 (Table 3) . 214
Maximum-likelihood analyses demonstrated the utility of the arachnid-specific UCE 215 probe set in resolving relationships among and within arachnid orders ( Figs. 1 -3 ). For the 216 limited deep-level sample dataset (i.e., '2perArachnid'), bootstrap support was 100% for all 217 nodes except the node uniting Scorpiones to Araneae + Pedipalpi (=Amblypygi + Thelyphonida) 218 ( Fig. 1) . For the Araneae dataset, most nodes were fully supported (BS=100%), while two nodes 219 within Entelegyne spiders had bootstrap values of 97% (Fig. 2) . Within Opiliones, all nodes 220 received bootstrap support ≥99% (Fig. 3) , and within Scorpiones, all nodes were fully supported 221 except for one node with bootstrap support of 69% (Fig. 3) . 222
Discussion 223
Arachnid UCEs 224
The development of genetic markers for arachnids has lagged behind that of many groups due, in we recovered 749, 724, and 381 loci, respectively. We did not find a significant correlation 234 between library pool size and average number of loci recovered (Fig. S1) , and thus the lower 235 number of loci recovered for Opiliones likely reflects their distant relationship to the taxonomic 236 groups from which the probes were developed. 237
Phylogenetic Utility 238
Recent phylogenomic datasets based on transcriptomes have provided better-resolved and 239 well-supported phylogenies compared to prior morphological and genetic work using few loci 240 Our reconstructed phylogenies based on UCEs demonstrate the promising utility of this 249 probe set for collecting data to resolve relationships at a wide range of divergence levels, from 250 the deepest bifurcations in the arachnid tree to shallower divergences within genera. In our 251 limited deep level sample dataset (i.e., '2perArachnid'), we recovered well-supported 252 monophyletic groups for all orders for which more than one individual was included (Fig. 1) . Within Opiliones (Fig. 3) , we recover monophyletic Palpatores (Eupnoi + Dyspnoi) and 274
Laniatores, but we did not recover a monophyletic Phalangida (Palpatores + Laniatores) as 275 recovered with transcriptomes (Hedin et al. 2012; ) and a five gene dataset 276 combined with morphological characters (Sharma and Giribet 2014). Within Scorpiones (Fig. 3) , 277 phylogenetic analyses of UCEs recover the same split between parvorders Buthida and Iurida as 278 inferred from analyses of transcriptomes (Sharma et al. 2015) . However, the well-supported 279 position of Bothriurus deep within Iurida in our phylogeny, rather than as an early diverging 280 species in Iurida based on transcriptome analyses (Sharma et al. 2015) , highlights the need for 281 further investigation using genome wide markers for this ancient group. 282
Comparison of UCE sequences across close relatives within spiders, harvestmen, and 283 scorpions indicate that our probe set will have applications beyond deep-level systematics and 284 taxonomy. The UCE loci show promise for use in species-level phylogenetics and species 285 delimitation because the flanking regions show increasing variability as distance from the core 286 UCE increases (Fig. 3) . UCEs enrichment produced 480 loci with more than 8,000 variable sites 287 across two members of the Antrodiaetus riversi complex, 292 loci with more than 25,000 288 variable sites across two harvestmen species in the genus Briggsus, and 585 loci with more than 289 7,000 variable sites across an individual of the scorpion genus Centruroides and the published 290
Centruroides genome (Table 3) . These patterns of UCE variability are correlated with 291 divergence in mitochondrial cytochrome oxidase I (Fig. 4) Derkarabetian et al. in press). Our UCE probe set will also provide a complementary/alternative 299 resource to the recently developed spider anchored-enrichment loci, which were used to produce 300 a comparable number of loci (455) and a well-resolved phylogeny for the North American 301 tarantula genus Aphonopelma (Hamilton et al. 2016) . 302
The arachnid-specific UCEs have utility and phylogenetic informativeness at all levels of 303 Arachnida, spanning extremely ancient divergence times between orders (at least 400 MYA) to 304 more recent congeneric divergences (<10 MYA for Antrodiaetus, Hedin et al. 2012 ). Thus, these 305 markers will be an integral component of future comparative studies. Arachnids are an extremely 306 diverse group, and yet it is estimated that less than half of arachnid species have been formally 307 described (Chapman 2009 
